The levels of diversity and extent of linkage disequilibrium in cultivated species are largely determined by diversity in their wild progenitors. We report a comparison of nucleotide sequence diversity in wild and cultivated barley (Hordeum vulgare ssp. spontaneum and ssp. vulgare) at 7 nuclear loci totaling 9296 bp, using sequence from Hordeum bulbosum to infer the ancestral state of mutations. The sample includes 36 accessions of cultivated barley, including 23 landraces (cultivated forms not subject to modern breeding) and 13 cultivated lines and genetic stocks compared to either 25 or 45 accessions of wild barley for the same loci. Estimates of nucleotide sequence diversity indicate that landraces retain >80% of the diversity in wild barley. The primary population structure in wild barley, which divides the species into eastern and western populations, is reflected in significant differentiation at all loci in wild accessions and at 3 of 7 loci in landraces. "Oriental" landraces have slightly higher diversity than "Occidental" landraces. Genetic assignment suggests more admixture from Occidental landraces into Oriental landraces than the converse, which may explain this difference. Based on θ π for silent sites, modern western cultivars have ~73% of the diversity found in landraces and ~71% of the diversity in wild barley.
A number of crops including avocado, barley, common bean, and rice show evidence of multiple domestications (Gepts and Bliss 1985; Gepts et al. 1986; Londo et al. 2006; Morrell and Clegg 2007; Chen et al. 2009; Bitocchi et al. 2012; Huang et al. 2012; Bitocchi et al. 2013) . Multiple domestications imply complex demographic histories, with multiple progenitor populations contributing to the cultigen (Ross-Ibarra and Gaut 2008) . Multiple domestications also imply independent origins of many agronomically important mutations (Zohary 1999; Sang 2009 ). Independent domestications may be followed by admixture among domesticated forms. In some domesticates, such as avocado, admixture has been very recent and the ancestry of modern populations can be readily attributed to recent hybridization among morphologically and genetically distinct lineages (Chen et al. 2009 ). More typically, it is difficult to discern the genetic provenance of domesticates, the origins of important agronomic traits, or even to decisively determine if multiple domestications occurred (Allaby et al. 2008; RossIbarra and Gaut 2008; Morrell et al. 2012 ).
Multiple domestications of barley were postulated as early as 1926 (Vavilov 1926) . Strong evidence for multiple domestications derives from the observation that nonshattering of the inflorescence (referred to in barley as the "brittle rachis" trait) is determined by 2 independent loci (Takahashi 1955; Takahashi 1964; Azhaguvel and Komatsuda 2007) . Several genetic studies have also provided evidence of multiple domestications. Using resequencing data, Morrell and Clegg (2007) identified a haplotype composition in Asian barley landraces (cultivated lines not subject to modern breeding) that corresponds to the haplotype composition of wild barley populations east of the Zagros Mountains. These "eastern haplotypes" are often distinct from "western haplotypes" that predominate in landraces from the Fertile Crescent. The differentiation among these populations was also evident in modern domesticates . A number of additional studies have reported clear genetic differentiation among barley populations from eastern and southern Asia and those from western Asia, Europe, and North Africa Saisho and Purugganan 2007; Fu and Peterson 2011) . Evidence for multiple domestications of barley is further bolstered by functionally equivalent alleles for domestication-related traits, including 6-row spikelet morphology .
In the present study, we ask how haplotypic diversity in cultivated barley compares to that in wild barley. We contrast levels of nucleotide sequence diversity, levels of linkage disequilibrium (LD), and measures of geographic structure at 7 loci resequenced in panels of either 25 or 45 wild barley (Hordeum vulgare ssp. spontaneum) and 36 cultivated barley accessions (H. vulgare ssp. vulgare), included 33 cultivated samples and 3 lines identified as genetic stocks. Our primary goal is to determine how multiple domestications and subsequent introgression have affected levels of nucleotide sequence diversity in cultivated barley. The majority of accessions considered here were included in a study examining the geographic origins of cultivated barley , but those earlier data have been augmented by adding sequence data from H. bulbosum, a sibling species of H. vulgare spp. spontaneum, and by adding to the sample of accessions of barley landraces. These new data aid the assessment of the impact of multiple domestications on diversity retained in cultivated accessions, a subject not addressed in our earlier publication .
We continue to employ the same sample of genes to permit analyses that exploit our previously reported data. We note the following advantages of building on an existing data set obtained from the resequencing of accessions: 1) the data set is constructed from experimentally resolved haplotypes at each locus, providing a larger number of allelic states than those present in binary SNP data, thereby providing a greater potential to identify alleles that are geographically informative (Gattepaille and Jakobsson 2012) ; and 2) direct resequencing avoids many of the biases owing to SNP ascertainment in surveys based on SNP genotyping data (cf. Nielsen and Signorovitch 2003) .
Our estimates of sequence diversity suggest that barley landraces retain ~80% of the diversity found in wild barley populations. At the sampled loci, Oriental landraces (from eastern and southern Asia) are slightly more diverse than Occidental landraces (from Eurasia and North Africa). Introgression appears to have been largely unidirectional with more SNPs private to western wild populations found in Oriental landraces than the converse. Modern European and North American cultivars included in this sample are genetically more similar to Occidental landraces; Oriental landraces and domesticates contain many unique haplotypes and thus likely constitute a significant resource for future barley improvement.
Materials and Methods

Sampling
Seeds of barley landraces were obtained from the United States Department of Agriculture (USDA), Agricultural Research Service, National Small Grains Collection (Aberdeen, Idaho). Seeds for North American and European cultivated barleys (hereafter, western cultivars) and genetic stocks were provided by the laboratories of Timothy Close (University of California, Riverside) or Patrick Hayes (Oregon State University). Sampled accessions were drawn from across the natural geographic and cultivated range of the species, with a special emphasis on landrace barleys from regions that archeological evidence suggests were early sites for barley cultivation (Supplementary Table S1 online). Nineteen of the accessions are listed by the USDA GRIN database as landraces. Sampled landraces are primarily from western and central Asia, with 1 sample each from Africa, Europe, and South America. See Supplementary Table S1 online for the country and geographic locality of origin of each accession. The balance of the sample includes 10 modern cultivars and 3 lines of North American genetics stocks. The modern cultivars include one each from Scotland and Poland, and 8 from the United States and Canada. Four landrace accessions from Japan, Kazakhstan, Mali, and Nepal that were not included in were added to the data set and are included in all analyses. In addition, resequencing data from the sister species H. bulbosum was collected to infer the ancestral state of mutations observed in H. vulgare.
DNA extraction used leaf material from individual plants with extraction using DNAzol ES® (MRC, Cincinnati, OH) according to the manufacturer's instructions.
Data Collection
Seven loci were Sanger resequenced in our panel of cultivated barley; see Supplementary Table S2 online for gene names and position in the barley reference genome (Mayer et al. 2012) . For 3 loci, Cbf3, Dhn9, and ORF1, 45 wild accessions were resequenced. Owing to heterozygosity within the samples (see below), this resulted in sample sizes of 52, 45, and 47 chromosomes. For the remaining 4 loci, 25 wild accessions were sampled. All data from wild barley are reported in Morrell et al. (2006) . To infer the ancestral state of mutations in H. vulgare, we resequenced all loci in 3 accessions (or 6 chromosomes) of H. bulbosum. For the Cbf3 locus, 2 Triticum sequences (AY951949 and EU562187) were used to augment partial missing data from H. bulbosum. A consensus sequence was treated as an outgroup sample.
PCR-amplified products were direct sequenced using Applied Biosystems BigDye 3.1 and ABI 377, 3100, or 3130 automated sequencers. Sequence coverage includes Sanger reads with a minimum quality criterion of Phred > 20 on both forward and reverse strands. Cultivated barley is highly self-fertilizing, resulting in low levels of heterozygosity; PCR products can be sequenced directly, and generally yield a single haplotype. Polyphred (Nickerson et al. 1997; Stephens et al. 2006 ) was used to screen for potentially heterozygous sites. Allele-specific PCR was used to experimentally resolve haplotypes in individuals that were found to be heterozygous (Gordon et al. 1998; Morrell et al. 2006; Chen et al. 2010) . Singletons (nucleotide variants found only once in the sample) were reamplified and resequenced on both the forward and reverse strands. The accuracy of haplotypes inferred at each locus was verified based on the likelihood of 3-site combinations using "error detection using triplets," implemented in the program EDUT (Morrell et al. 2006; Toleno et al. 2007) . Amplification conditions and primers used for all loci are available from the authors upon request. Sequences are available under GenBank numbers KC963057−KC963122.
Data Analysis
Genetic assignment followed the approach of Morrell and Clegg (2007) , and Chen et al. (2009) with each locus treated as a series of semi-independent "haplotype segments" defined by the presence of detectable recombination based on the 4-gamete test (Hudson and Kaplan 1985) . Independence among haplotype segments was tested using a Fisher exact test for linkage as implemented in GDA 1.1 (Lewis and Zaykin 2001) . The Bayesian clustering algorithm implemented in Structure (Pritchard et al. 2000; Falush et al. 2003 ) was used to assign landrace and cultivated barleys to a population of origin with our wild barley accessions used as a learning sample for supervised clustering (cf. Morrell and Clegg 2007) .
The extent of geographic structure at individual loci between portions of the geographic range was estimated using K ST * , a sequence-based estimate of F ST (Hudson et al. 1992 ) and see Charlesworth (1998) , and the nearest neighbor measure (S nn ) (Hudson 2000) (using 10 000 replicates for each test) as implemented in the libsequence C++ library for evolutionary genetic analyses (Thornton 2003) .
Tools from libsequence were also used for sequence descriptive statistics including haplotype diversity, θ W (Watterson 1975) , and θ π (Tajima 1983) . We also report Tajima's D (Tajima 1989) , which is the normalized difference between θ π and θ W as well as a normalized version of Fay and Wu's H (H′) (Fay and Wu 2000; Zeng et al. 2006) , which is the difference between θ π and an estimate of θ = 4Nµ, which is sensitive to the number of high-frequency derived variants. Tools from libsequence were also used to calculate the intralocus LD measure, Wall's B (Wall 1999) , and nucleotide sequence diversity at silent and replacement sites.
The impact of recombination and the extent of LD were estimated based on counts of the number of 4 gamete combinations at each locus (R m ) (Hudson and Kaplan 1985) , Wall's B, and parametric estimates of recombination rate. Estimates of recombination rate (ρ = 4Nr) are based on the composite-likelihoodbased estimator of Hudson (2001) (ρ H01 ) and the Approximate Bayesian Computation, summary statistic, rejection-based estimator of Thornton (ρ T05 ) (Haddrill et al. 2005) . We report estimates of ρ T05 and θ T05 , and coestimated values of ρ T05 /θ T05 along with 95% confidence intervals. Partitioning of data for estimation of ρ was limited by sample size; we report ρ for landraces and wild accessions but without subdividing these samples.
A multilocus maximum likelihood-based estimate (MLE) of θ W was calculated for all loci for partitions of the data using the recursion equations of Hudson (1990) . The method assumes a constant mutation rate across loci and assumes no intralocus recombination (a conservative assumption) (Hudson 1990 ). The estimator is implemented in the program Theta Curve (Ross-Ibarra et al. 2009 ).
Results
Genetic Assignment and Geographic Structure
Based on 4 gamete intervals, we identified 23 haplotype segments across 7 loci. Haplotype segments did not demonstrate significant LD in the Fisher's Exact test at the P ≤ 0.05 level, particularly after correcting for multiple tests. Thus, we performed genetic assignment without a linkage model, using uncorrelated allele frequencies, with an admixture model applied to determine the proportional ancestry of landraces and cultivars relative to a wild barley learning sample. Previous analyses based on 18 loci resequenced in wild barley identified a primary genetic differentiation between samples from the eastern and western portion of the range, i.e., roughly east and west of the Zagros Mountains at about 48˚ east longitude . Assignment of landrace barleys is depicted in Figure 1 . All accessions from the Fertile Crescent region have majority assignment to western wild barley. Among the 4 landrace accessions added to this study (i.e., not sampled by Morrell and Clegg (2007) ), samples from Japan, Mali, and Nepal have primary assignment to the western cluster. The accession from Kazakhstan has primary assignment to the eastern cluster. Three samples from Asia have majority western wild barley assignment while the balance show majority eastern wild barley assignment. Samples from the Levant, Anatolia, Europe, Africa, and South America have majority assignment to western wild barley ( Figure 1 ). The landrace sample from South America (Peru) with majority western assignment is not depicted in Figure 1 .
Among 10 sampled cultivated barley lines from Canada, the United States, and Europe, 8 lines had majority assignment to western wild barley ancestry (see Morrell and Clegg 2007) . Two lines from Nebraska (Dundy and Nebar) had majority assignment to eastern wild barley. According to USDA GRIN records, the pedigrees of both cultivars include Meimi and Sabbaton from South Korea and China respectively, as grandparents. Thus genetic assignment for these cultivars is consistent with the geographic provenance predicted by the pedigree.
All loci sampled here are among approximately half of loci examined in wild barley that exhibit a high degree of geographic structure east and west of the Zagros Mountains . In wild barley, significant geographic differentiation at all 7 loci was detected based on the S nn test (Table 1) . Five of the 7 loci also demonstrate significant geographic differentiation based on K ST * (Table 1) .
A comparison of Oriental and Occidental landraces, from east and west of the Zagros Mountains, identifies 3 loci with significant differentiation based on the S nn test, while only the Faldh locus has a significant K ST * value (Table 1) . These tests are conservative in the sense that groups are identified based on geography rather than percentage of genetic assignment to various origins. For landraces, the G3pdh locus, with P = 0.0862 for the permutation test of K ST * is the only other locus to approach significance.
Nucleotide Sequence Diversity
Resequencing data from 7 loci in 36 accessions of cultivated barley were compared to resequencing of the same loci from either 25 or 45 wild barley accessions. The total aligned length of all loci is 9 296 bp for a total of 664 555 bp of sequence within the ingroup sample and an average sample size per locus of 72 chromosomes. All 7 loci include both coding and noncoding sites and both indel and single nucleotide polymorphisms (SNPs). A total of 304 SNPs were identified at 299 segregating sites along with 48 indels. The SNPs include 35 replacement polymorphisms. The Dhn4 locus includes 6 indels segregating within coding portions of the gene but in all cases the reading frame was maintained. In total, we observed 259 SNPs in wild barley and 202 in cultivated barley. Indels, and the 18 SNPs that fell within alignment gaps, were excluded from further analysis.
Joint maximum likelihood estimates (MLEs) of θ W for all 7 loci indicate a slight reduction in diversity in barley landraces, relative to wild barley (Figure 2 ). The 95% confidence intervals of all estimates overlap (at relative natural log likelihood of −2.0), indicating no significant differences in estimates among populations. In landraces, the MLE of θ W = 5.6 × 10 -3 is 82% of θ W = 6.9 × 10 -3 for wild samples.
Summary statistics for sequence diversity in western cultivars, landraces, and wild barley are reported in Table 2 and  Supplementary Table S3 online. Further partitioning of the sample into eastern and western wild accessions (based on genetic assignment) and into Occidental and Oriental landraces are reported in Supplementary Table S3 online. Three accessions of cultivated barley described as genetic stocks are listed separately in Supplementary Table S3 online. The sample is divided among eastern and western clusters based on assignment testing. For the 7 loci considered here, median silent site diversity in the wild accessions is θ π(sil) = 7.93 × 10 -3 . Levels of replacement polymorphism in wild barley at the 7 loci are low, with median θ π(repl) = 0.22 × 10 -3 . Three of the loci sampled in the present study, Faldh, Dhn9, and Stk, carry no replacement polymorphisms. The majority of replacement polymorphisms are derived and occur at low frequency; at only 6 sites is the derived replacement polymorphism the major allele. Common replacement polymorphisms were found to be segregating in both wild and cultivated accessions. Seven replacement polymorphisms were private to cultivated samples, with 5 occurring as singletons. Overall, diversity at replacement sites is ~ 20-30-fold lower than at silent sites in both wild and cultivated accessions, consistent with substantial levels of purifying selection. Silent site diversity in wild barley, landraces, and western cultivars is depicted in Figure 3 (also see Table 2 and  Supplementary Table S3 online) . Four of seven loci show a reduction in diversity from wild barley to landraces and again from landraces to western cultivars. However, the pattern is not a monotonic decrease in diversity at all loci; for 3 loci θ π(sil) is slightly higher in landrace and western cultivar samples than in the wild accessions (Figure 3) . Average diversity at silent sites in landrace barley was θ π(sil) = 7.2 × 10 -3 , or 87% of the diversity in the wild barley sample, while average diversity at all sites was θ π = 5.7 × 10 -3 or 83% of that in wild barley. Most of the reduction in silent site diversity in landraces and western cultivars is driven by a large reduction in diversity at Dhn4 (Figure 3) . At 4 of 7 loci, western cultivars have lower levels of silent site diversity (θ π(sil) ) than wild or landrace accessions. However, 3 other loci (Cbf3, Faldh, and G3pdh) show no marked decline in θ π(sil) in western cultivars. In fact, at all 3 loci, θ π(sil) is slightly greater in western cultivars than in the wild sample (Figure 3 ).
Recombination and Intralocus LD
The 4-gamete test provides direct evidence of recombination at every locus, although at Faldh, recombination is only evident in the full alignment of all samples. Estimates of the number of recombination events, R M at a locus, vary from 0 to 2 for landraces and 0 to 5 for wild samples (Supplementary  Table S3 online).
Wall's B values are higher in landraces than in wild accessions for 3 loci, indicating higher levels of intralocus LD.
However, at 2 additional loci, Wall's B values are lower in landraces than in wild accessions while values are equal at 1 additional locus (Supplementary Table S3 online) .
Using the composite likelihood estimate of ρ H01 , the mean and median ρ H01 for wild accessions are 4.22 and 3.15 × 10 -3 . For G3pdh, ρ H01 is estimated as zero. For landraces, the mean and median values are ρ H01 = 1.21 and 0.16 × 10 -3 . Two loci (Dhn9 and Faldh) have estimated ρ H01 of zero. For 5 of the 7 loci, ρ H01 is lower in landraces than in wild accessions.
Point estimates of ρ T05 , θ T05 and jointly estimated values of ρ T05 /θ T05 are depicted along with the 95% confidence interval of the estimate for each locus in Figure 4 . Values were not estimated for G3pdh for landraces due to a poor fit of the data to the coalescent model. Point estimates of ρ T05 and θ T05 at a locus are generally reduced in landraces relative to wild individuals: median ρ T05 = 2.13 × 10 -3 for landraces and ρ T05 = 2.53 × 10 -3 in the wild sample or 84% of the diversity in landraces versus wild accessions. The mean value for point estimates of ρ T05 is higher for wild accessions, with ρ T05 = 3.64 × 10 -3 versus 2.42 × 10 -3 for landraces; the difference is driven by a large reduction in recombinational diversity at Dhn4 (Figure 4 ). Median point estimates are θ T05 = 3.73 × 10 -3 for landraces and θ T05 = 6.96 × 10 -3 for the wild sample. Stk differs from other loci in that the point estimate of ρ T05 is greater in landraces than in the wild sample. Though both ρ T05 and θ T05 are reduced slightly in landraces, ρ T05 /θ T05 is slightly higher in landraces at the majority of loci.
The large reduction in diversity at Dhn4, noted above, is evident in estimates of both ρ T05 and θ T05 . The confidence interval for θ T05 for Dhn4 in wild and landrace accessions shows no overlap, consistent with a large reduction in diversity.
Silent Site Diversity
Relative Diversity East and West
Based on θ W and θπ, Occidental landraces show estimated diversity at 82% and 87% of that found in Oriental landraces (see Supplementary Table S3 online) . Dhn4 shows a large reduction in diversity in Occidental landraces, where θ W = 13.36 × 10 -3 in wild barley is reduced to θ W = 8.43 × 10 -3 in landraces and at Dhn9 where all Occidental landraces have the same haplotype, i.e., θ W and θπ = 0. Western cultivated barley lines also have very low diversity at the Dhn9 locus, with only a single segregating site present (see Supplementary  Table S3 online). A major loss of diversity in western cultivated forms is also evident at Dhn4 (see Supplementary  Table S3 online) and reflects a trend at the majority of loci, in that western landraces have lower haplotype diversity and the lowest values of θ W and θ π of any of the samples. Sampled Occidental landraces generally have lower diversity than western cultivars. Low diversity in Occidental landraces contrasts with the pattern seen in wild barley for the sampled loci, where samples from the western portion of the range (west of the Zagros) have slightly higher levels of sequence diversity than do samples from the eastern portion (see Supplementary Figure S1 online) (also see Morrell et al. 2003) . Excluding 2 segments of the Pepc locus that appear to have been subject to a species-wide selective sweep (Morrell et al., 2003) , mean values of θ π(sil) are similar, at 10.63 and 10.41 × 10 -3 in eastern and western wild populations (Morrell et al. 2006) . Based on the MLE of θ W , Occidental landraces have the lowest overall diversity, with θ W = 4.9 × 10 -3 (Figure 2 ). For Oriental landraces, the MLE of θ W is 5.8 × 10 -3 ; very similar to the MLE for the full landrace sample of θ W = 5.6 × 10 -3 . The MLE of θ W for wild samples is 6.9 × 10 -3 . ; with values equal to or greater than the empirical value observed in only 25 of 10 000 coalescent simulations. The deeply divergent haplotypes observed at G3pdh in wild barley (Morrell et al. 2003 ) are also present in barley landraces, with 50 of the 57 SNPs found in wild barley sampled in landraces (see Supplementary Figure S2A Private SNPs in Domesticates 
Tests of Neutrality
Discussion
A comparison of resequencing-based estimates of diversity in wild and cultivated barley results in 3 primary conclusions. First, barley landraces maintain roughly 80% of the diversity observed in wild populations, with slightly greater sequence diversity evident in Oriental landraces. Oriental landraces have a higher proportion of admixed ancestry , see Figure 1 . This mixing of haplotypic diversity from multiple origins likely contributes to higher estimated diversity. Second, it appears that sampling effects can result in large differences among partitions of samples for tests of neutrality (e.g., Tajima's D). The presence or absence of individual, deeply divergent haplotypes, can dramatically change the number of segregating sites observed in a sample and the relative frequency of those mutations. Finally, the population structure, including deep divergence among haplotypes observed at about 1 in 6 loci in wild barley (cf. Lin et al. 2001; Morrell et al. 2003) , is also reflected in cultivated barleys. Fewer loci demonstrate significant differentiation among geographic regions in landraces, in part because landraces with majority western ancestry are relatively commonly encountered among Asian samples. In the present sample, landrace barleys from the eastern portion of the prehistoric range appear more admixed than do western landraces (Figure 1) .
Relative Diversity
The present data indicate a modest reduction in nucleotide sequence diversity in barley landraces, with multiple estimates of θ consistent with retention of ~ 80% of the diversity in the wild population. A barley resequencing study examining 7 genes near the barley Rrs2 disease-resistance locus found a similar reduction in diversity, with landraces retaining ~81% of the diversity (θ π ) in wild accessions (Fu 2012) . A similar 80% reduction in diversity from wild to landraces for θ π at silent sites is reported by Saisho and Purugganan (2007) based on a resequencing survey of a broad sample of landraces at 5 loci. A more severe reduction in landrace diversity (θ π ), to 53% of that in the wild was reported by Caldwell et al. (2006) in a sample of 5 loci that include genes involved in grain quality. Kilian et al. (2006) also reported a more severe reduction in diversity, with θ π in a sample of Turkish cultivated barley at 36% of the value observed for wild samples. The data of Kilian et al. (2006) derive from 7 loci that included the same wild individuals sampled here and portions of 2 of the same loci reported here (Dhn9 and G3pdh). The higher relatively diversity observed in landraces sampled in the present study likely reflects a broader geographic range of sample origins.
The ~ 80% reduction in diversity in landraces is less severe than the reduction in diversity, as measured by θ W , in all but 1 of 14 comparisons of wild and domesticated samples for 7 grain crops compiled by Glémin and Bataillon (2009) . The notable exception is einkorn wheat, where Kilian et al. (2007) report slightly higher diversity in their sample of wild than domesticated accessions. This may be attributable to limited use and breeding of einkorn (Kilian et al. 2007; Glémin and Bataillon 2009) . In the present sample, the reduction in diversity (as measured by θ W ) from wild accessions to all cultivated samples is 77% with the same comparison of wild to western cultivars showing a 65% reduction in diversity. While these values more closely resemble the average reduction in diversity of 45% reported in the studies compiled by Glémin and Bataillon (2009) , they indicate that a relatively large portion of the diversity in wild populations is retained in domesticated barley at multiple loci. A similar tabulation of markerbased estimates of diversity in perennial tree crops found an average retention of 95% of the diversity in cultivated forms relative to wild progenitors (Miller and Gross 2011) . Among the additional resequencing comparisons compiled by Miller and Gross (2011) , Helianthus annuus maintains the highest relative diversity at 73% (Kolkman et al. 2007 ). Of particular note, the levels of nucleotide diversity retained in cultivated barley are markedly higher than those in bread wheat, where the average is θ W = 0.6 × 10 -3 in the more diverse A and B genomes (Akhunov et al. 2010) .
A reduction in recombinational diversity, or an increase in LD, is more prominent in cultivate barley. Mean estimates of ρ H01 and ρ T05 for landraces are 28.7% and 66.5% of the values for wild barley with estimated ρ H01 for landraces impacted by estimated values of ρ H01 = 0 for 2 loci (Figure 4 , see Supplementary Table S4 online). Wall's B, which measures the proportion of adjacent SNPs in complete LD, is higher (reflecting higher LD) in cultivated samples than the wild, with an average in wild samples of 0.26 and in landraces of 0.37, consistent with the general reduction in haplotype diversity across loci (see Supplementary Table S3 online). Founder events, such as maize domestication and the out-of-Africa spread of Drosophila melanogaster, have been associated with more dramatic effects on recombinational than mutational diversity, resulting in dramatic changes in the ratio of estimated recombination and mutation rate (ρ/θ) (Haddrill et al. 2005; Wright et al. 2005) . For the sampled loci, estimates of ρ/θ on a per locus basis vary dramatically across loci (Figure 4) , with coestimated values of ρ T05 / θ T05 from coalescent simulations for each locus indicating a reduction in diversity from wild to landrace, with minimal change in the ρ/θ ratio (Figure 4) . It is possible that the loss of rare alleles (haplotypes) that results in reduced ρ/θ ratio associated with demographic events is less pronounced in barley landraces. This could occur through selection of domesticated forms from multiple wild source populations over an extended period of domestication or through independent domestications (Willcox 2005) . Archeological evidence suggests a diffuse "center" of origin for barley (Fuller et al. 2011) , and genetic evidence, including the presence of 2 functionally equivalent origins of nonshattering are consistent with multiple domestications.
The dissemination of cultigens away from their initial center of origin generally results in an additional reduction in diversity. A particularly well-documented example occurs in rice, where temperate Oryza sativa ssp. japonica cultivars have markedly lower diversity than other rice varieties, including tropical japonica cultivars (Caicedo et al. 2007 ). Barley cultivation is spread over a large portion of the Old World in prehistoric times; the spread to East Asia involves a large geographic distance, the distance from the Zagros Mountains on the western edge of the Fertile Crescent to the Pacific Coast of China is ~ 7,500 km, with the potential for serial founder events. Our samples of Oriental landraces, as a whole, are slightly more diverse than Occidental landraces (Figure 2) . However, prior studies of nucleotide sequence diversity in landraces suggest that Oriental landraces from the eastern edge of the prehistoric range, in China, Korea, and Japan are notably less diverse and show greater allele frequency differentiation from Near-East landraces than do landrace populations closer to the center of origin (Saisho and Purugganan 2007) .
Higher levels of diversity in eastern landraces may reflect population admixture (Figure 1 ). Western barley landraces were apparently introduced into India and East Asia, either with the initial spread of agrarian culture, or through subsequent trade. Evidence of eastern haplotypes among western landraces is less apparent, suggesting a unidirectional pattern of gene flow across Asia (Figure 1 ).
Tests of Neutrality
Genetic bottlenecks tend to result in a loss of rare variants (Nei et al. 1975) . In other domesticated plants, this loss of rare variants is evident in a shift toward more positive values of Tajima's D in the domesticate relative to wild populations (Wright et al. 2005; Hufford et al. 2012) . A similar pattern is evident at the majority of the loci sampled here (Cbf3, Dhn9, Faldh, ORF1, and Stk) , where Tajima's D values in wild populations are negative. A similar shift from negative Tajima's D at the majority of loci in the wild, toward positive values in landraces, was also observed by Caldwell et al. (2006) and Fu (2012) in the resequencing studies discussed earlier. At Dhn4 and G3pdh, where Tajima's D is positive in wild samples, Tajima's D values in cultivated samples vary from positive to negative, depending on the partition of the samples considered. This appears to be best explained by sampling effects; the inclusion or exclusion of divergent haplotypes at these loci can cause large swings in SNP frequency. This issue is potentially exacerbated by the history of admixture, which could introduce divergent haplotypes at low to intermediate frequencies, dramatically altering the number of SNPs observed among samples. Extreme positive values of Tajima's D are sometimes associated with balancing selection but can also reflect population structure or recent admixture (Hudson, 1990) ; while it is possible that G3pdh has been subject to balancing selection in cultivated barley, sampling effects clearly play a role in variation in values of neutrality tests for samples of cultivated barley (see Supplementary  Table S3 online) .
Normalized values of H′ indicate the presence of relatively high-frequency derived variants at multiple loci, a pattern associated with positive selection (Fay and Wu 2000; Zeng et al. 2006) . Negative values in landraces are Faldh, and Stk, and most notably, Dhn4 and in all cases are smaller, i.e., more negative, than in wild samples. At Dhn4, a value of −2.07 in landraces is driven by 8 derived sites with an average frequency of 93.7% (2 of these sites are replacement polymorphisms). As with the G3pdh results for Tajima's D, it is possible that positive selection has contributed to the observed values of H′. Sampling effects complicate interpretation of neutrality test for Dhn4, because as with Tajima's D, values of H′ are dependent on the divergent haplotypes sampled in any given partition of the data (see Supplementary  Table S3 online). Inference of the presence of high-frequency derived mutations is also dependent on accurate inference of ancestral state. Indel polymorphisms relative to the outgroup results in only a portion of the sites at the locus being used for calculation of H′ (see Supplementary Figure  S2B online). Based on examination of 22 additional chromosomes of Hordeum bulbosum (Gonzales AM, Meyer KPT, Clegg MT, and Morrell PL, unpublished data), one of the high-frequency derived polymorphisms is also polymorphic in the outgroup. Shared polymorphism between H. bulbosum and H. vulgare are relatively rare (Gonzales et al. unpublished data) , but may occur more frequently for loci segregating for deeply divergent haplotypes.
Future examination of domestication history and scans for evidence of selection at loci potentially contributing to domestication or improvement of barley will benefit from the relatively high diversity observed in both wild and domesticated barley. That is, there is greater potential to observe a response to selection in a species with relatively high initial diversity (Ross-Ibarra et al. 2007; Walsh 2008) . However, strong population structure in wild barley, which is reflected in the haplotype composition of domesticates (Badr et al. 2000; Morrell and Clegg 2007; Saisho and Purugganan 2007) , along with complex demographic history, involving multiple domestications followed by both ancient and modern admixture (Weaver 1944; Martin et al. 1991; Ordon et al. 1997) , may obviate simple outlier methods (Teshima et al. 2006 ) based on standard tests of neutrality. That said, high levels of diversity, along with a very extensive archeological record (e.g., Harris 1998; Willcox 2005; Fuller 2007 ), should permit dramatically improved insight into the history of barley domestication and improvement and has the potential to unlock opportunities for the use of untapped, agronomically adaptive variation in one of the most ancient and important crops.
Population Structure
All loci sampled here demonstrate significant population structure in wild barley (Table 1) ; with the landraces often continuing to segregate for haplotypes that are geographically distinct and consistent with those present in wild barley from their region of origin (see supplementary Figure S2 ). Some of the earliest studies of nucleotide sequence diversity in wild barley identified deeply divergent haplotypes between eastern and western populations of wild barley at the BK-n3 and Adh3 loci (Badr et al. 2000; Lin et al. 2001) . Badr et al. (2000) found the pattern of divergence at BK-n3 in wild barley reflected in landraces. A similar pattern occurs at Adh3 (Lin and Clegg, unpublished data) . Subsequent resequencing studies have found population structure between eastern and western wild barley for about half of all loci examined (Morrell et al. 2003; Morrell et al. 2005; Morrell and Clegg 2007) with deep divergence among haplotypes observed at Adh3, Dhn4, and G3pdh, or 3 of 18 loci examined in a common panel of wild barley (reviewed in Morrell 2011). Genetic differentiation among portions of the progenitor population is a necessary condition for the inference of origins of derivative populations (Zohary 1999) ; thus all the loci resequenced in this study are among roughly half of loci that demonstrate significant genetic differentiation between eastern and western wild barley populations . This differentiation is also reflected in barley landraces at 3 of the 7 loci considered here (see Supplementary Table S3 online). The lack of diversity at Dhn9, and the limited statistical power for relatively small samples sizes in this permutation-based test (Hudson et al. 1992) limit the potential to detect geographic differentiation among landraces. Our test of genetic differentiation among samples is conservative in the sense that we treat landraces based on geographic origins rather than estimated proportions of admixed ancestry. The admixed origins of landraces, as inferred from genetic assignment analysis (Figure 1) , may also contribute to reduced population differentiation, as measured by S nn and K ST * with less extreme values (larger P values) in the pooled landrace materials than in the wild progenitor (Table 1 ). This suggests that the landraces have lost some of the geographic structure evident in the wild. Results of Structure analysis confirm this impression (Figure 1) , and reveal that the pattern of migration is asymmetric with a significant proportion of western genetic composition appearing in India and East Asia, but with few eastern alleles appearing in Occidental landraces. Interestingly, landraces from China, India, and Japan show a greater proportion of western ancestry, while landraces from Iran, Afghanistan, and Turkmenistan are much closer in genetic content to wild barley from the eastern portion of the wild range. The reasons for this asymmetric pattern can only be a subject of speculation, but likely relate to trade patterns along the Silk Road running from Turkey across Iraq, Iran, along the southern Caspian Sea, and around the Himalayas to China. At least a portion of the admixture in Asia, for example, in Japan, is also a product of the introduction of western malting barleys in the modern era (Ordon et al. 1997 ).
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/.
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